We present the development of a versatile spectroscopic imaging tool to allow for imaging with singlemolecule sensitivity and high spatial resolution. The microscope allows for near-field and subdiffractionlimited far-field imaging by integrating a shear-force microscope on top of a custom inverted microscope design. The instrument has the ability to image in ambient conditions with optical resolutions on the order of tens of nanometers in the near field. A single low-cost computer controls the microscope with a field programmable gate array data acquisition card. High spatial resolution imaging is achieved with an inexpensive CW multiphoton excitation source, using an apertureless probe and simplified optical pathways. The high-resolution, combined with high collection efficiency and single-molecule sensitive optical capabilities of the microscope, are demonstrated with a low-cost CW laser source as well as a mode-locked laser source.
Introduction
Binnig and Rohrer started a revolution with their invention of the scanning tunneling microscope [1] . The piezo-based technology blossomed into the atomic force microscope [2] , which placed fewer constraints on the sample. Karrai and Grober developed the technique of replacing the laser feedback system with a quartz tuning-fork feedback mechanism as a means of maintaining distance between the sample and tip [3] . Tuning-fork shear-force microscopy (SFM) feedback has become popular in the scientific community due to the high degree of customization and versatility. Tuning-fork oscillators are used in many different microscopes from near-field microscopy to in-situ liquid imaging [4] , ultrasonic imaging [5] , low-temperature imaging [6] , and magnetic force imaging [7, 8] , to name a few. In particular, using SFM with near-field microscopes [9] [10] [11] has reduced optical resolutions to tens of nanometers.
Traditional light microscopy suffers from a diffraction limit that limits the spatial resolution to λ=2. With the addition of confocal or nonlinear excitation techniques, this resolution can be enhanced to λ=3. Recent advances in far-field super-resolution methods have allowed for optical images beyond the diffraction limit using photo-activated fluorescence molecules [12] [13] [14] [15] [16] . These methods rely on computational numerical techniques or tuned stimulated emission with functionalized molecules. Near-field optical microscopes have extended these resolutions below 20 nm [17, 18] . Using a combination of a shearforce scanning probe microscope and an inverted optical microscope, the near-field imaging probes are specially shaped metal tips that are illuminated through the objective lens of the inverted optical microscope. This technique has been named tipenhanced near-field optical microscopy (TENOM) [19] .
The principle in TENOM is the use of excitation light in the proper polarization to induce a strong localized enhanced field at the tip. The enhanced field consists mainly of nonpropagating (evanescent) components and is, thus, strongly confined to the end 0003-6935/10/356766-06$15.00/0 © 2010 Optical Society of America of the metal tip. The spectroscopic response mechanism for TENOM imaging is normally dependent on the proper use of an electron plasma-supporting probe (typically metal). For biological imaging, Au probes are used to minimize chemical reactions with the biological specimen (Ag results in a stronger enhancement but reacts with sulfur compounds). The Au probes are chemically etched and then tailored to specific geometries with the use of a focused ion beam (FIB) [20] . An FIB system allows for the nanofabrication of materials through milling and chemical deposition at the nanometer scale [21] . Newer FIB systems include both electron and ion columns for more precise work [22] . Furthermore, the tips are illuminated by a two-photon excitation (TPE) source, which improves contrast due to a quadratic emission profile. This experimental arrangement can be used for excitation of molecular fluorescence, surface enhanced Raman scattering [23] [24] [25] , and other forms of linear [26, 27] and nonlinear imaging [28] . The detected near-field signal from TENOM probes is typically orders of magnitude greater than the background excitation light. With this increased field, the time for imaging of the fluorophores with an adequate signal-to-noise ratio is reduced. The ultimate resolution obtainable by TENOM is primarily dependent on the geometry of the tip [29, 30] .
Traditionally, a mode-locked (ML) femtosecond pulsed laser would be used as the TPE source [31] . Hell and colleagues explored the use of a CW laser as a TPE source using fiber-based scanning near-field optical microscopy and far-field techniques [32] . They showed theoretically that an increase in average power at the sample of 2 orders of magnitude with a CW source should generate the same TPE emission levels as the high peak pulse power of the ML Ti:sapphire laser. High collection efficiency and low power requirements for this TENOM imaging system (tens of μWs) allow for the use of CW TPE sources as a low-cost alternative to pulsed lasers.
The original motivation for the development of a TENOM-specific microscope was the lack of a commercially available shear-force (tuning-fork feedback) system coupled with TPE. Many systems require integration of multiple hardware and computer systems from different vendors. During development, it was determined that creating an optical system with high photon collection efficiency (simplified optical pathways) and ease of customization was highly desirable.
Integrated SFM and Inverted Microscope Design
A major complication in the alignment of an epiilluminated apertureless near-field microscope is positioning the probe in the focal spot of the excitation laser. To overcome this complication, the scan head houses a piezo stack comprised of a z piezo tube (Boston Piezo-Optics, PZT-5A) and an x-y outersegmented tube with a solid inner ground layer (Boston Piezo-Optics, PZT-5A segmented). These tubes are epoxied together and held in a flexure mount, with MACOR used as an insulator. The flexure mount (Newport MFM-075) allows for coarse alignment (several millimeters) of the tip into the center of the objective lens when viewed through a Bertrand lens system (Thorlabs AC245-050-A and A375TM-A lenses). The x-y outer-segmented piezo tube then allows for precise nanometer positioning of the tip over tens of micrometers for placement in the diffraction-limited focus of the excitation laser. Maximum field enhancement is obtained by positioning the probe with the x-y piezo for maximum photon emission from the sample. The scan head is mounted to a vertical translation stage (Thorlabs LNR50), the position of which is controlled with a 40 threads per inch lead screw (Universal Thread). The vertical position of the scan head is controlled by a stepper motor (Oriental Motor PK243B1A-SG36) with 0:01°-per-step precision and 36∶1 gear reduction. Shear-force imaging and optical data collection are accomplished with a National Instruments Lab-VIEW, PCI-7833R data acquisition card (DAQ) and analog support electronics.
A modular inverted microscope was built using primarily Thorlabs parts. Some parts were custom designed with cast iron and aluminum while maintaining radial symmetry; this was required due to the thermal expansion tolerances that are required for shear-force microscopy, based on previous scanning tunneling microscope (STM) designs [33] [34] [35] . The microscope was initially built in a virtual threedimensional environment using SolidWorks 2009 CAD software to ensure fit and function; see Fig. 1(b) . Final placement of optics was determined both virtually and experimentally. The microscope is designed primarily for an infinity-corrected objective lens (Olympus 1.4 NA, 60×) but can easily accommodate other objectives. Transmissive samples are raster scanned above the objective on a closed loop scan bed (Physik Instrumente P-733.2CL). The use of tube lenses (Thorlabs SM1L30) allows for simple adjustment of the lens placement to adapt to other focal length objectives and direct mounting of CCD cameras. Inexpensive CCDs (KT&C KPC-S500B) are adapted to fit with the tube lenses and are used to align the approach of the probe onto the surface, and ultimately into the diffraction-limited laser spot; see Fig. 2 .
Excitation light is expanded to fill the back aperture of the objective lens to achieve a high numerical aperture. A periscope optical configuration is used for alignment into the objective through an excitation filter (to remove unwanted laser lines) and a dichroic filter (Chroma 725dcspxr). There are two collection paths in the microscope. The first path allows 92% of the light to be passed through filters (Chroma ET750sp-2p8), which is then directly coupled into a fiber optic. This allows for direct fiber coupling to a single-photon avalanche photodiode (SPAPD) (Perkin Elmer SPCM-AQR-14-FC) or monochromator (Acton SP-150) with attached intensified CCD (Princeton Instruments Pentamax-512-EFT/1EIA). The remaining 8% is focused with a 200 mm lens (Thorlabs AC254-200). This signal is split evenly between two of the CCDs-one for imaging the sample surface and one that is equipped with a Bertrand lens system for a fish-eye view of the imaging probe above the surface for tip focus alignment; see Figs. 1 and 2. The quantum efficiency of the microscope can be calculated by determining all of the optical losses in the system. Using 532 nm light, the following transmission efficiencies were determined experimentally: objective lens throughput (78%), emission collection efficiency (4π) (38%), dichroic (94%), steering mirror (98%) emission filters (3 × 96%), beam splitter (90%), fiber optic coupling and fiber (85%), and SPAPD (55% at 633 nm). These all contribute to a cumulative throughput of ∼10:2%.
Far-Field TPE Imaging
The sensitivity of the microscope allows for the direct imaging of single molecules at room temperature and atmospheric pressure; see Fig. 3 . Imaging at this level has been demonstrated with an ML Ti:sapphire laser [36] (Del Mar Photonics Trestles 50). Both ML pulsed mode and CW mode imaging of single molecules are shown. The single-molecule sample was created with Rhodamine 6G molecules diluted in methanol to 0:1 nM concentration and spin coated at 4000 rpm. The Si quantum dots (Nanosys) were spin coated at 4000 rpm. Figure 4 shows a multiphoton image of bovine pulmonary artery endothelial (BPAE) cells excited with an ML Ti:sapphire laser while using the installed spectrograph. All fluorescence from both MitoTracker red CMXRos and Alexa Fluor 488 (Phalloidin) were collected by the SPAPD detector. In Fig. 4 , Mi-toTracker Red stains the F-actin (green fluorescence emission) and Alexa Fluor 488 stains the nuclear DNA. Figure 5 demonstrates the quadratic emission profile for two-photon excitation, using J aggregates of polyvinyl sulfate (PVS) and pseudoisocyanine (PIC) dye (further discussion in Section 4).
Near-Field TPE CW Imaging
A sample that lends itself well to successful excitation by the multiphoton process is aggregates of a polymer (PVS) with PIC dye [37, 38] . The spectrum (Fig. 6) shows the expected emission for the J aggregates with the two-photon nonlinear excitation process. Using CW illumination requires, on average, about 100× the power that is used in ML illumina- Fig. 1.] tion. To show that the increase in power needed would not cause damage to either the sample or the imaging probe, a region of interest of J aggregates was imaged with an ML source at P avg ¼ 10 μm and again with a CW source (SDL-5411-G1) at P avg ¼ 1:3 mW, while using the same imaging probe. The wavelength was held constant at 833 nm. The acquisition time per 512 × 512 image is on the order of 25 min with a scan rate of 0:35 Hz. The main difference in the imaging between the CW and ML is the increased far-field contribution from the CW illumination. Figure 6 shows these differences in nearfield imaging between ML and CW lasers. This could be improved by the addition of optics to further correct the beam profile of the CW diode laser.
The TENOM imaging probe was custom built using Au wire with 100 μm thickness (Sigma-Aldrich #349283). The Au wire is chemically etched to an end radius of ∼500 nm and then mounted to the quartz tuning fork (Fox Electronics NC38LF-327). Further modifications to the probe were preformed in a DB-237 dual beam (scanning electron/FIB) microscope produced by the FEI Company, shown in inlay (iv) of Fig. 6 . The design of the probe aids in the delocalization of the incident field to the small protrusion on the cone. This design requires that the sample of interest have minimal topography. Improvements in this tip design to yield higher field enhancements to minimize the far-field contribution during imaging and improve surface topography measurements are currently being investigated. 
Conclusion
The TENOM system has shown single-molecule sensitivity and near-field imaging at resolutions an order of magnitude beyond the diffraction limit. By developing the system in a standard programming environment with commercially supported, off-theshelf components, combined with simplified usability, we hope to spark interest in the scientific community with this microscope design. The system design could easily accommodate other imaging modes, such as the incorporation of Raman, Kerr magneto-optical imaging capabilities, and other nonlinear imaging techniques.
The addition of modified scanning algorithms would easily allow for other functionalities, such as electric and magnetic shear-force imaging as well. Upon completion of the documentation of this project, the authors intend to release all relevant documentation and software in an open system environment [39, 40] .
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